The transition to a hidden metastable state in 1T-TaS2 is investigated in real time using coherent time-resolved femtosecond spectroscopy. Relying on spectral differences between phonon modes in the equilibrium states and in the metastable state, and temperature-tuning the metastable state lifetime, we perform stroboscopic measurements of the electronic response and switching of coherent oscillation frequency through the transition. Very fast coherent switching of the collective mode frequency is observed (∼ 400 fs), comparable to the electronic timescale ~300 fs. A slower, 4.7 ps process is attributed to lattice relaxation. The observations are described well by a fast electronic band structure transformation into the metastable state, consistent with a topological transition.
settles into long range order. The fundamental issue is whether the transition takes place diffusively or coherently. In the diffusive case, carriers from the C ground state are delocalized by the short, 30 fs pulse whereupon they first localize in pseudo-random positions, and later form the textured domain structure[2] through a combination of diffusive electron motion [11] , incoherent atomic ordering[1], followed by domain wall nucleation and growth on a 300-400 ps timescale as observed by X-ray diffraction at the NC-IC transition [12] . Alternatively, in a coherent transition, the transition to a long-range ordered metastable state takes place on an electronic timescale, starting with a many-body interference of nested non-equilibrium Fermi surface electrons followed by an adjustment to the lattice. In this case, the lattice is expected to adapt rapidly to the new electronic order forming a new periodic lattice distortion without any intermediate diffusive processes.
Secondary relaxation of strain between the incommensurate electronic order and the underlying crystal lattice would then follow on much longer timescales. Another important question is what is the difference between the H state and a supercooled NC state [13] , which is also related to the fundamental mechanism of formation of the H state.
The problem with investigating long-lived metastable states created by photoexcitation is that the transition is caused by a singular event -such as a single shot laser pulse. The state of the system before and after the transition can be investigated in detail by equilibrium techniques[1,2], but not the dynamics of the event itself. The H metastable state lifetime in 1T-TaS2 has recently been discovered to be tunable by a combination of substrate strain and temperature [14, 15] , so provided the system can be made to relax in between laser pulses, stroboscopic pump-probe measurements of the collective and single particle dynamics through the C-H transition can be performed. While at 4K the extrapolated H state lifetime is > 10 18 s, at 160 K the lifetime is < 10 −4 s, and the relaxation of the photoinduced state is sufficiently fast to allow measurements with a 1kHz repetition rate laser. At this base temperature, photoexcitation with pulse fluences of ∼ 1 mJ/cm 2 leads to heating of both the electrons and the lattice well above C−T = 220 K, so we Fig. 1c ), similarly as was previously used to measure the coherent evolution of the order parameter through the CDW transition in TbTe3 [17] . Alternatively, here we show that one can measure the apparent shift of the AM frequency associated with the transition[1] in real time using coherent phonon spectroscopy with multiple laser pulses.
To do this, we need to determine if the H state can be unambiguously distinguished from other states by its phonon spectrum, and particularly from the supercooled NC state which has been reported in thin flakes [10] . In Fig 2a we show the coherent reflectivity oscillations obtained with pump-probe spectroscopy using 30 fs, 800nm laser pulses at different temperatures. Fourier transformed phonon spectra together with fits to three sets of coherent oscillations by the displacive excitation mechanism using Eq. 1 from [18] ) are shown in Fig. 2b . We see that the spectra in the four phases differ substantially. A summary of the T-dependences of our observed phonon peak positions in different (equilibrium) phases is shown in Fig. 2c , including Raman data (the Billouin-zone center phonons ≃ 0) [19] . To show the origin of the soft modes, we also include neutron [20] and X-ray frequencies at the wavevector of the observed Kohn anomaly ( = 0.26
at the IC-NC transition. In the C state, the low frequency spectrum below 4 THz (120 cm
consists of Ta modes derived from folding of high-temperature acoustic modes into the commensurate Brillouin zone [19] . Above 220K, in the IC and NC states, modes appear in the Raman spectra whose origin can be traced to the Kohn anomaly near the NC-IC transition seen in the X-ray and neutron data, and a number of soft modes associated with the transition can be identified at low temperatures [19] . A softened longitudinal acoustic (LA) mode associated with the observed Kohn anomaly at = 0.28 r.l.u. along the crystal axes modulates the parent 1T structure to give the IC phase [9] . An accompanying softened transverse acoustic || mode induces the rotation of the overall ordering vector to accommodate the ordering of commensurate domains and discommensurations in the NC state. The NC structure, and similarly the H structure[2] can be described in terms of a superposition of different wavevectors (harmonics). Phonons whose wavevectors correspond to these harmonics may partially condense or soften in different points of the Brillouin zone, giving multiple collective modes in the folded Brillouin zone [19, 21] . In the C phase, as the discommensurations disappear, and the collective "amplitude" mode becomes dominant in the spectrum (Fig. 1c) . The intensity of the coherent oscillation (and Raman) spectra reflect the mode coupling to the electronic modulation, and the photon resonances for displacive excitation and detection as described by the stimulated Raman tensor [22] . The resonances depend on the electronic structure in the vicinity of the Fermi level, and are particularly sensitive to orbital ordering and change of symmetry [23] . This can be easily understood if we write the Raman tensor in terms of derivative of the complex dielectric constant ( ) with respect to the phonon displacement : ( ) = ( )/ , where ( ) depends on the joint density of electronic states involving optical transitions between states near and 1.5 eV above or below it [24] .
Here we shall focus on the spectral differences obtained by pump-probe spectroscopy in the vicinity the AM [19] at 2.3 THz in the C, H and NC states (Fig. 2d) . For the H state measurements, an initial switching pulse preceding the pump-probe pulses a few hundred ps was used to transiently drive the system into the H state. Comparing the spectra near the AM frequency in equilibrium phases
with the H phase, we see quite remarkable differences (Figs. 2b and d). Three modes (at 1 , 2 and
In addition to in-plane domain ordering, calculations by Ritschel [4] showed that different stacking of the charge-density wave along the c axis can lead to either metallic or insulating phases, depending on the Ta 5 "orbital textures". Band structure calculations show that the stacking appears to have a very strong effect not only on out-of-plane electronic bands, but also on in-plane bands near .
Since the AM displacements predominantly involve Ta atoms (Fig. 1c) , the electron-phonon coupling is strongly dependent on the Ta 5d orbital texture. This can lead to further phonon mode differences in frequency and intensity between the H, C and NC phases.
Having established that the AM frequency can be used as a fingerprint of the H state, we perform a stroboscopic three-pulse experiment at 160 K, where the metastable H-state lifetime (< 100 s) is much shorter than the time between pulses (1 ms) [14] . To analyze the change quantitatively we make an expanded plot at one P−D delay (shown superimposed on the 2D plot in Fig. 3b ) and focus only on the oscillatory signal by subtracting exponentially decaying components of the transient reflectivity (Fig. 3e) . We clearly see a frequency change in the magnified plot of the coherent oscillations which takes place in a time interval The C-H transition is accompanied by an increase of reflectivity of ∆ D ∼ 5 % at 800 nm with a risetime ≲ 100 fs, consistent with observed melting of the C state [25] . Thereafter, the reflectivity relaxes with two characteristic lifetimes ( 1 ≃ 300 ± 20 fs and 2 ≃ 4.7 ± 0.5 ps). The two transients of the frequency and reflectivity switching, given by = 400 fs and = 300 fs, respectively, characterize the initial transition followed by processes on a timescale of ~ 4.7 ps, previously attributed to the lattice relaxation at the IC-NC transition [26] .
To understand the observed behavior of the coherent AM oscillation through the C-H transition, and the meaning of the observed lifetimes, we need to consider the sequence of ordering events leading to the eventual creation of the H state. In equilibrium, at high temperatures, the single band metallic system [27] is susceptible to a transition to an incommensurate state driven by Fermi surface (FS) nesting which occurs at 550K [28] . In the photoexcited state however, experimentally 1T-TaS2 shows a significant e − h asymmetry [29] , indicating a shift of the chemical potential (photodoping) and a warped photoexcited FS. On the timescale of 300~400 fs that the transition takes place, the estimated effective electronic temperature given by the two-temperature model is possibly > 1000 K [1], [29] (the estimated temperatures are shown in Fig. 3f ). While we should not take this temperature to be very accurate, the implication is that the ordering of nested FS electrons takes place outside of equilibrium. At the end of this process, we can conclude that the resulting transient CDW state will have a modulation wavevector which is different from the equilibrium one.
The next step is the mutual adjustment of the non-equilibrium electronic order and the lattice. The observed 2~4 .7 ps (Fig. 3d) is consistent with the time for the formation of a periodic lattice distortion in the NC state measured by ultrafast electron diffraction [26, 30] . It is also consistent with the thermalization time th of the electrons with the lattice given by the two-temperature model Even with significant adjustment of the parameters, agreement with the experimental data in Fig. 3b is hardly satisfactory, showing that modelling in terms of an order parameter trajectory through an ordering transition that was used successfully to describe TbTe3 [32] does not work here.
Following the notion that the transition cannot be described using Landau theory with a conventional order parameter, we consider the effect of the change of electronic structure of states near associated with the insulator-metal topological transition on the collective mode spectrum.
To describe the frequency shift phenomenologically (which includes the effect of a resonant crossover between 2 and 3 ), we can write = − ( ). We can then calculate the transient reflectivity dynamics of the AM through the transition using a simple quadratic potential = gives a barely perceptible change in the predicted response, from which we conclude that the change of is predominantly the result of electronic ordering into the H state, while the lattice response which occurs on a timescale of 2 has little effect on the AM.
The use of coherent mode dynamics through the transition highlights the electronic nature of the transition driving the ordering in the H state on a timescale < 400 fs. We conclude that the C-H transition cannot be described in terms of a time-evolution of a Landau-order parameter through a first order transition. Rather, it is consistent with a non-equilibrium topological transition from a uniform state to a textured state with an accompanying change of electronic structure giving rise to good agreement with the phonon mode dynamics through the transition. The marked difference in the H and NC state mode spectra is quite surprising, implying that their electronic structure near the Fermi level is substantially different, in spite of the fact that the both are composed of long-range order of commensurate domains and discommensurations which look qualitatively similar in scanning tunneling microscopy [2] . Understanding the origin of the difference in electronic structure of different states and in particular between H and NC states will be important for establishing the microscopic mechanism promoting metastability of the transient emergent state. 
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